Estrogens are important endocrine regulators of skeletal growth and maintenance ([@B1][@B2][@B3]). Estrogen deficiency, induced by ovariectomy (OVX) in animal models, or after menopause in humans, results in reduces trabecular bone mineral density (BMD) as well as cortical bone mass, but estrogen substitution restores both bone compartments ([@B4][@B5][@B6]). The physiological effects of estrogens are mainly exerted via the 2 classic nuclear estrogen receptors (ERs), ERα and ERβ, which are ligand-activated transcription factors. The effects of estradiol (E2) on bone mass are predominantly mediated via ERα, but the ERα activity can be slightly modulated by ERβ in female mice ([@B7][@B8][@B10]). Bone loss caused by estrogen deficiency is restored by local injections of E2, demonstrating that peripheral estrogen action is important for bone regulation ([@B11]). Furthermore, using a variety of conditional gene-targeted mouse models, the importance of ERα in both osteoblasts and osteoclasts for the peripheral effects of estrogens on bone has been confirmed ([@B8], [@B12]). Thus, it is well established that estrogens exert stimulatory ERα-mediated peripheral effects on bone mass in female mice.

Bone is traditionally considered to be regulated by hormones, autocrine/paracrine signals, and mechanical loading. It is now recognized that the regulation of bone also involves the central nervous system. It has been known for long time that bone is an innervated tissue containing both efferent and afferent fibers in bone marrow and the periosteum ([@B13]). However, the first clear evidence that central signaling affects bone mass was the finding that leptin-deficient mice had high bone mass and that this phenotype was reversed by intracerebroventricular injections of leptin ([@B14]). In contrast, peripheral leptin treatment increases bone mass, suggesting that leptin has opposite peripheral vs central effects on bone mass ([@B14][@B15][@B16]). Several neurotransmitters have been shown to be involved in bone regulation, including serotonin. Central serotonin has been suggested to enhance bone mass ([@B17]). The notion that peripheral serotonin has a negative influence on bone mass, suggesting that this neurotransmitter may have opposite peripheral vs central effects, is supported by some but not others ([@B18], [@B19]). Taken together, it is now well established that neuronal signaling is important for the regulation of bone mass ([@B20]) and that the central and peripheral effects on bone mass sometimes are opposite.

The hypothalamus is a major regulator of fat mass and energy homeostasis and several recent studies indicate that specific hypothalamic neurons are also involved in the regulation of bone mass ([@B20][@B21][@B24]). Interestingly, it is reported that the transcription factor activator protein-1 in hypothalamic proopiomelanocortin (POMC) neurons, located in the arcuate nucleus (ARC), is involved in the regulation of bone mass ([@B24]).

The central nervous system is a target for estrogens and nuclear ERs are widely distributed in the brain ([@B25]). Central ERα has been reported to exert an inhibitory role on bone mass, partly counteracting the peripheral stimulatory effect of estrogen ([@B5]). However, the primary target cell for this central inhibitory effect of estrogen on bone mass is unknown. ERα expression is high in ARC and the ventromedial nucleus (VMN) in the hypothalamus ([@B26]). Within ARC, ERα is abundantly expressed in POMC neurons but not in neuropeptide Y (NPY) or agouti-related protein (AgRP) neurons ([@B27]).

We have developed a mouse model with specific Cre-mediated ERα inactivation in POMC neurons in ARC (POMC-ERα^−/−^ mice) and have recently shown that these mice display hyperphagia but normal energy expenditure and fat distribution ([@B26]). In addition, we have in a separate mouse model used adeno-associated viral (AAV) gene silencing of ERα in hypothalamic VMN, resulting in obesity and increased visceral fat deposition ([@B28]). Collectively, our previous findings indicate that ERα expressed in VMN and POMC neurons in ARC provide the coordinated control of food intake, energy expenditure, and fat distribution ([@B27]). The skeletal phenotype was not evaluated in our previous studies. We here tested the hypothesis that ERα in POMC neurons of ARC and/or ERα in VMN are involved in the regulation of bone mass.

Materials and Methods
=====================

POMC-ERα^−/−^ mice
------------------

The generation of mice with specific inactivation of ERα in hypothalamic POMC neurons (POMC-ERα^−/−^ mice) has previously been described ([@B26]). Briefly, ERα^lox/lox^ mice were crossed with POMC-Cre transgenic mice, to generate mice lacking ERα in POMC neurons (POMC-ERα^−/−^) and their control littermates (ERα^lox/lox^). We have previously confirmed the specificity of ERα deletion in hypothalamic POMC neurons in POMC-ERα^−/−^ mice ([@B26]). For assessment of E2 response, 6-month-old female POMC-ERα^−/−^ and control mice were OVX followed by treatment with E2 (0.5 μg/d, 60-d release, SE-121; Innovative Research of America) or corresponding vehicle pellet. The mice were fed with standard phytoestrogen-free chow (2916; Harlan-Teklad). Animal care was in accordance with institutional guidelines, and the study was approved by the local ethical committee.

High-resolution microcomputed tomography (μCT)
----------------------------------------------

High-resolution μCT analyses were performed on femurs using a Skyscan 1172 μCT (Bruker micro-CT). The femurs were imaged with an x-ray tube voltage of 50 kV and a current of 201 μA, with a 0.5-mm aluminum filter. The scanning angular rotation was 180°, and the angular increment was 0.70°. The isotropic voxel size was 4.48 μm. NRecon (version 1.6.9) was employed to perform the reconstruction after the scans. In the femurs, the trabecular bone proximal to the distal growth plate was selected for analyses within a conforming volume of interest (cortical bone excluded) commencing at a distance of 538.5 μm from the growth plate and extending a further longitudinal distance of 134.5 μm in the proximal direction. Cortical measurements were performed in the diaphyseal region of the femur starting at a distance of 3.59 mm from the growth plate and extending a further longitudinal distance of 134.5 μm in the proximal direction. For BMD analysis, the equipment was calibrated with ceramic standard samples.

Three-point bending
-------------------

The 3-point bending test (span length 5.5 mm, loading speed 0.155 mm/s) at the midtibia was made by the Instron universal testing machine (Instron 3366; Instron Corp). Based on the recorded load deformation curves, the biomechanical parameters (maximal load, stiffness, and absorbed energy) were acquired from raw-files produced by Bluehill 2 software v2.6 (Instron), with custom-made Excel macros ([@B29]).

Dynamic histomorphometry
------------------------

Tibia were fixed in Bürckhardt\'s fixative, dehydrated in 70% ethanol, and embedded in plastic (L R White Resin; Agar Scientific). For the measurement of dynamic parameters, the mice were double-labeled with calcein, which was injected (ip) 1 and 8 days before termination. Dynamic histomorphometric analyses of cortical bone were carried out on 20-μm-thick transverse cross-sectional section from the middiaphyseal region of the tibia.

Fourier transform infrared (FTIR) microspectroscopy
---------------------------------------------------

Humerus was fixed in Bürckhardt\'s fixative, dehydrated in 70% ethanol and embedded in Technovit 9100 (Heraeus-Kulzer); 4-μm-thick longitudinal sections were cut with a microtome and placed on IR transparent barium fluoride windows.

The spatial molecular bone composition was assessed by means of FTIR microspectroscopy ([@B30], [@B31]) at beamline D7, MAX IV Laboratory, Lund University, Sweden, using a Hyperion 3000 microscope and a Bruker IFS66/v FTIR spectrometer. Measurements were conducted in transmission mode, using spectral resolution of 4 cm^−1^ and 64 repeated scans together with a focal plane array detector that covered 341 × 341 μm (64 × 64 elements, resulting in 5.32-μm pixels). Data was collected in the wavenumber range of 4000--800 cm^−1^. Two areal measurements of the full cross-section of the cortex between 1/3 and 2/3 of the middiaphysis was made on each sample. During preprocessing, the spectra were cut to 2000--900 cm^−1^, the average Technovit spectrum was normalized and subsequently subtracted from the bone spectra and all peaks of interest were linearly baseline corrected following earlier established protocols ([@B32], [@B33]).

For each measurement point, the mineral-to-matrix ratio (phosphate \[900--1200 cm^−1^\]/amide I \[1585--1720 cm^−1^\]) was calculated to estimate the degree of mineralization ([@B30], [@B34]). Moreover, collagen maturity estimating the degree of immature to mature collagen cross-links (1660/1690 cm^−1^) ([@B35]) and crystallinity estimating the perfection of the hydroxylapatite crystals (1030 cm^−1^/1020 cm^−1^) ([@B36], [@B37]) were determined.

Quantitative real-time PCR analysis
-----------------------------------

Total RNA was prepared using TRIzol reagent (cortical bone; Life Technologies) or RNeasy Mini kit (hypothalamus; QIAGEN). The RNA was reverse-transcribed into cDNA, and real-time PCR analysis was performed using the ABI Prism 7000 Sequence Detection System (PE Applied Biosystems). The mRNA abundance of each gene was adjusted for the expression of 18S. Predesigned real-time PCR assays from Applied Biosystems were used for analysis of the following mRNA levels. Hypothalamus: ERβ, NPY, AgRP, α-melanocyte-stimulating hormone (αMSH), melanocortin 4 receptor (MC4R), leptin receptor, protein-tyrosin phosphatase 1B (PTP1B), and supressor of cytokine signaling 3 (SOCS3). Cortical bone: osteoprotegering, receptor activator of nuclear κB ligand, osteocalcin (OCN), class II major histocompatibility complex (MHC) transactivator (CIITA), and ERα.

Serum measurements
------------------

Serum levels of E2 (sensitivity 0.3 pg/mL), testosterone (sensitivity 4 pg/mL), and dihydrotestosterone (DHT) (sensitivity 1.6 pg/mL) were measured in a single run by gas chromatography-tandem mass spectometry. After the addition of isotope-labeled standards, steroids were extracted to chlorobutane, purified on a silica column and derivatized using pentafluorobenzylhydroxylamine hydrochloride followed by pentafluorobenzoyl chloride. Steroids were analyzed in multiple reactions monitoring mode with ammonia as reagent gas using an Agilent 7000 triple quadrupole mass spectrometer equipped with a chemical ionization source ([@B38]).

As a marker of bone resorption, serum levels of C-terminal type I collagen fragments (CTX) were assessed using an ELISA RatLaps kit (Immunodiagostic Systems Ltd) according to the manufacturer\'s instructions. Serum levels of OCN, a marker of bone formation, were determined with a mouse OCN immunoradiometric assay kit (Mouse Osteocalcin ELISA). Serum levels of leptin were analyzed using an ELISA (Crystal CHEM, Inc). Serum corticosterone levels were analyzed using a corticosterone RIA kit (Corticosterone RIA; Fisher Scientific).

Silencing of ERα expression in VMN using AAV vector
---------------------------------------------------

We used an AAV vector to achieve focused silencing of ERα in the VMN of the hypothalamus, a key center of energy metabolism. The AAV vectors were constructed based on our previous publication ([@B28]). A basic AAV vector, AAV.U6, containing U6 promoter for expression of short hairpin RNA targeting ERα (ERα-shRNA) or scramble shRNA or scramble shRNA as control, was used ([Supplemental Figure 1A](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)). Both vectors also express enhanced green fluorescent protein as a reporter to visualize transduced neurons (Vector BioLabs). We have previously shown that AAV vectors can be used to efficiently silence ERα in VMN of hypothalamus, resulting in obesity ([@B28]).

To determine the role of ERα in VMN for bone mass, we OVX C57BL/6J female mice at 10 weeks of age. One week after OVX, the mice were stereotactically injected with 2 × 10^10^ genomic particles (2 μL in PBS) into the VMN (anteroposterior −0.9, mediolateral ± 0.7, and dorsoventral −6.0) over 10 minutes using a 5-μL Hamilton syringe attached to a microinfusion pump. At the time of the stereotactic injections, E2 pellet (111 ng/mouse per d; 90-d release, NE-121; Innovative Research of America) was sc implanted. The animals were terminated 6 weeks after the stereotactic injections of either AAV-shRNA-ERα or AAV-shRNA-scramble. The body weights were recorded every week and at the end of the experiment excised femurs were analyzed by μCT, and the brains were analyzed by immunohistochemistry. For immunohistochemistry, mice were deeply anesthetized and perfused with 4% formalin. The brains were removed and postfixed in the same fixative over night at 4°C. After postfixation, the brains were stored in 30% sucrose at 4°C for at least 24 hours. The brains were then cut at 30 μm on a freezing microtome. Immunocytochemistry with free-floating sections was performed using established protocols ([@B28], [@B39][@B40][@B41]). Briefly, the sections were rinsed in wash buffer (0.1M Tris-HCl \[pH 7.5\], 0.15M NaCl, and 0.2% Triton X-100) and then blocked for 1 hour with blocking reagent (TNB; 0.1 M Tris-HCL \[pH 7.5\], 0.15 M NaCl, and 0.5% blocking reagent; PerkinElmer). Sections were then incubated with primary rabbit polyclonal anti-ERα (1:800, 06-935; Millipore) or goat polyclonal anti-green fluorescent protein (FITC), (1:500, ab6662; Abcam) antibodies overnight. Brain sections were stained for EGFP to visualize transduced brain regions and for ERα to evaluate the efficiency of ERα silencing. The sections were rinsed and incubated for 1 hour with secondary antibody Alexa Fluor 594 conjugate (1:1000, A-21207; Thermo Fisher Scientific). The sections were then rinsed 2 times with wash buffer TNT without Triton X-100 and mounted in mounting medium containing prolog gold antifade (P36930; Molecular Probes). Images were analyzed using a Carl Zeiss LSM 780 confocal microscope at the Center for Cellular Imaging at the Sahlgrenska Academy. Mice in which the injection had not been successful, as determined by postmortem immunofluorescence analysis of brain sections, were excluded. All surgical procedures were performed under isoflurane anesthesia (Forene; Abbot Scandinavia). The animal experiments were approved by the local Ethical Committee for Animal Research at the University of Gothenburg.

Statistical analysis
--------------------

Values are given as mean ± SEM. Student\'s *t* test was used to compare 2 groups. To determine whether the estrogenic response differed between POMC-ERα^−/−^ and control mice, the interaction term from a two-way ANOVA analyses was used. *P* \< .05 was considered statistically significant.

Results
=======

Increased cortical bone mass and mechanical strength in POMC-ERα^−/−^ mice
--------------------------------------------------------------------------

We have previously demonstrated that POMC-ERα^−/−^ mice have substantially reduced ERα expression in hypothalamic POMC neurons ([@B26]), and we now show that the ERα expression in cortical diaphyseal bone is unaffected in POMC-ERα^−/−^ mice (POMC-ERα^−/−^ 1.64 ± 0.32; control littermates 1.73 ± 0.21, arbitrary units, n = 4--6). The body weight, serum leptin levels (an indicator of body fat mass), femur length and vertebrae L~5~ height were unaffected in 6-month-old female POMC-ERα^−/−^ mice compared with control mice ([Supplemental Table 1](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)). The mRNA levels of ERβ in hypothalamus were not affected in POMC-ERα^−/−^ compared with control mice ([Supplemental Table 1](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)).

μCT analyses of the diaphyseal region of femur revealed that the cortical bone mineral content was significantly increased in the POMC-ERα^−/−^ mice compared with control mice ([Figure 1](#F1){ref-type="fig"}A). This was caused by an increased cortical bone area and thickness, whereas the cortical volumetric BMD (vBMD) was unaffected ([Figure 1](#F1){ref-type="fig"}, B and C, and [Table 1](#T1){ref-type="table"}). These findings demonstrate that the amount of cortical bone is increased in the POMC-ERα^−/−^ mice, whereas the degree of mineralization of the cortical bone seems to be unaffected. A normal composition of the cortical bone in POMC-ERα^−/−^ mice is clearly supported by that the degree of mineralization, the collagen maturity, and the crystallinity reflecting the perfection of the hydroxylapatite crystals, as analyzed by FTIR spectroscopy in the cortical bone in the diaphyseal region of humerus were all unaffected in the POMC-ERα^−/−^ mice compared with control mice ([Table 1](#T1){ref-type="table"}). Three-point bending analysis of the cortical diaphyseal bone in tibia revealed increased mechanical bone strength (maximal load at failure) in POMC-ERα^−/−^ mice compared with control mice ([Figure 1](#F1){ref-type="fig"}D).

![Increased cortical bone mass and mechanical strength in POMC-ERα^−/−^ mice. Cortical bone mass and mechanical strength in 6-month-old female POMC-ERα^−/−^ and control mice. A--C, μCT analysis of the diaphyseal region of femur (n = 8--12). A, Cortical bone mineral content (Ct.BMC), (B) cortical bone area (Ct.Ar), (C) cortical thickness (Ct.Th), and (D) 3-point bending test of the middiaphyseal region in tibia (n = 9--12). The maximal load (Max.Load) at failure is given. Data are presented as mean ± SEM. \*\*, *P* \< .01; \*\*\*, *P* \< .001 POMC-ERα^−/−^ vs control mice, Student\'s *t* test.](zee0071685340001){#F1}

###### 

Cortical Bone Composition in POMC-ERα^−/−^ Mice

                                 Control         POMC-ERα^−/−^
  ------------------------------ --------------- ---------------
  μCT                                            
      Cortical vBMD (mg/cm^3^)   1317 ± 5        1299 ± 16
  FTIR                                           
      Mineral to matrix ratio    2.05 ± 0.53     1.35 ± 0.27
      Collagen maturity          0.22 ± 0.02     0.25 ± 0.00
      Crystallinity              0.083 ± 0.011   0.068 ± 0.010

μCT (femur; n = 8--12) and FTIR microspectroscopy (humerus; n = 4--6) analyses of cortical bone in 6-month-old female POMC-ERα^−/−^ and control mice. Data are presented as mean ± SEM.

The trabecular bone mass was augmented, as demonstrated by increased trabecular bone volume fraction (BV/TV) and trabecular number, in the metaphyseal region of femur but not in vertebrae L~5~ in the POMC-ERα^−/−^ mice compared with control mice ([Table 2](#T2){ref-type="table"}). Neither serum markers of bone formation (OCN) nor bone resorption (CTX-I; type I collagen fragments) were significantly affected in the 6-month-old female POMC-ERα^−/−^ mice ([Supplemental Table 2](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)).

###### 

Trabecular Bone in Femur and Vertebrae L~5~ of POMC-ERα^−/−^ Mice

                    Control      POMC-ERα^−/−^
  ----------------- ------------ ----------------------------------------------
  Femur                          
      BV/TV (%)     12.2 ± 1.1   22.8 ± 2.8^[a](#TF2-1){ref-type="table-fn"}^
      Tb.N (L/mm)   2.9 ± 0.2    5.2 ± 0.6^[a](#TF2-1){ref-type="table-fn"}^
      Tb.Th (μm)    41 ± 1       44 ± 2
      Tb.Sp (μm)    130 ± 1      115 ± 5^[a](#TF2-1){ref-type="table-fn"}^
  Vertebrae L~5~                 
      BV/TV (%)     21.1 ± 1.4   25.6 ± 2.6
      Tb.N (L/mm)   4.9 ± 0.3    6.0 ± 1.1
      Tb.Th (μm)    44 ± 2       44 ± 3
      Tb.Sp (μm)    70 ± 3       62 ± 7

High-resolution μCT analyses of BV/TV, trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) in femur (n = 8--11) and vertebrae L*~5~* (n = 4--7) of 6-month-old female POMC-ERα^−/−^ and control mice. Data are presented as mean ± SEM.

*P* \< .01, POMC-ERα^−/−^ vs control mice, Student\'s *t* test.

The negative feedback regulation of serum sex steroids is disturbed in female mice with global ERα inactivation, reflected by substantially increased serum levels of not only E2 but also of the 2 androgens testosterone and DHT ([Supplemental Table 3](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)) ([@B38]). Although serum testosterone and DHT were unaffected, serum levels of E2 were slightly elevated in the female POMC-ERα^−/−^ mice compared with control mice ([Supplemental Table 3](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)). However, uterine weight, a sensitive bio-indicator of mean serum E2 levels, was not significantly altered in the POMC-ERα^−/−^ mice compared with control mice. Furthermore, the POMC-ERα^−/−^ had substantially lower serum E2 levels compared with female mice with global ERα inactivation ([Supplemental Tables 1 and 3](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)), suggesting that the disturbance in feedback regulation of serum sex steroids in POMC-ERα^−/−^ mice is modest.

Enhanced estrogenic responses on cortical bone mass and mechanical strength in POMC-ERα^−/−^ mice
-------------------------------------------------------------------------------------------------

To exclude the possibility that the slightly altered E2 levels could have confounded the interpretation of the bone phenotype in the gonadal intact POMC-ERα^−/−^ mice, we next compared the estrogenic responses (E2; 0.5 μg/d for 6 wk) in OVX POMC-ERα^−/−^ and OVX control mice.

E2 treatment did neither in the POMC-ERα^−/−^ nor in the control mice affect the body weight, the femur bone length or the height of vertebra L~5~ compared with vehicle-treated mice (data not shown). As expected, E2 treatment increased the cortical bone mineral content, cortical bone area and cortical bone thickness in the diaphyseal region of femur and the BV/TV in both the distal metaphyseal region of femur and in vertebrae L~5~ ([Figure 2](#F2){ref-type="fig"}, A--C, and table 4 below). Importantly, for the cortical bone mineral content (+130 ± 41%, *P* \< .01), the cortical bone area (+138 ± 44%, *P* \< .01) and the cortical bone thickness (+126 ± 34%, *P* \< .01) the estrogenic responses were substantially augmented in OVX POMC-ERα^−/−^ mice compared with the estrogenic responses in OVX control mice ([Figure 2](#F2){ref-type="fig"}, A--C). The cortical bone mineralization and composition parameters, analyzed by μCT in the diaphyseal region of femur (vBMD) and FTIR in the diaphyseal region of humerus (mineral/matrix ratio, collagen maturity and crystallinity), were not affected by E2 treatment in the control or POMC-ERα^−/−^ mice ([Table 3](#T3){ref-type="table"}). Three-point bending analysis of the cortical diaphyseal bone in tibia revealed a substantially increased estrogenic response on mechanical bone strength (maximal load at failure) in POMC-ERα^−/−^ mice compared with control mice (+193 ± 38%, *P* \< .01) ([Figure 2](#F2){ref-type="fig"}D).

![Enhanced estrogenic responses on cortical bone mass and mechanical strength in POMC-ERα^−/−^ mice. Cortical bone mass and mechanical strength in OVX POMC-ERα^−/−^ and OVX control mice treated with either E2 (0.5 μg/d) or vehicle. A--C, High-resolution μCT analysis of the diaphyseal region of femur (n = 7--10). A, Cortical bone mineral content (Ct.BMC), (B) cortical bone area (Ct.Ar), (C) cortical thickness (Ct.Th), and (D) 3-point bending test of the middiaphyseal region in tibia. The maximal load (Max.Load) at failure is given, (E) cortical endosteal circumference (Ct.EC), and (F) cortical periosteal circumference (Ct.PC) (n = 9--10). Data are presented as mean ± SEM. \*, *P* \< .05; \*\*, *P* \< .01; and \*\*\*, *P* \< .001 E2 treated vs vehicle treated, Student\'s *t* test; ¤¤, *P* \< .01 E2 effect in POMC-ERα^−/−^ mice vs E2-effect in control mice (interaction term from two-way ANOVA).](zee0071685340002){#F2}

###### 

Effect of E2 on Cortical Bone Composition in POMC-ERα^−/−^ Mice

                                 Control         POMC-ERα^−/−^                   
  ------------------------------ --------------- --------------- --------------- ---------------
  μCT                                                                            
      Cortical vBMD (mg/cm^3^)   1319 ± 12       1317 ± 11       1318 ± 13       1300 ± 12
  FTIR                                                                           
      Mineral to matrix ratio    1.36 ± 0.09     1.66 ± 0.14     1.46 ± 0.13     1.66 ± 0.22
      Collagen maturity          0.21 ± 0.02     0.19 ± 0.01     0.24 ± 0.07     0.20 ± 0.02
      Crystallinity              0.078 ± 0.004   0.081 ± 0.004   0.080 ± 0.006   0.082 ± 0.003

μCT (femur; n = 7--10) and FTIR microspectroscopy (humerus; n = 4--7) analyses of cortical bone from OVX POMC-ERα^−/−^ and OVX control mice treated with either E2 (0.5 μg/d) or vehicle. Data are presented as mean ± SEM.

The augmented estrogenic response on cortical bone thickness was mainly caused by increased amount of bone on the endosteal side in the E2-treated POMC-ERα^−/−^ mice ([Figure 2](#F2){ref-type="fig"}, E and F). However, when evaluated with cortical dynamic histomorphometry during the last week of the 6-week-long E2 treatment, no robust difference between the estrogenic response on endosteal or periosteal bone formation rate was observed for POMC-ERα^−/−^ compared with control mice ([Supplemental Table 4](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)).

The estrogenic responses on trabecular bone parameters were unchanged in vertebrae L~5~ and only modestly augmented in the distal metaphyseal region of femur in POMC-ERα^−/−^ compared with control mice ([Table 4](#T4){ref-type="table"}). Thus the estrogenic response on cortical bone mass was substantially increased, whereas no robust effect on the estrogenic response on trabecular bone mass was observed in POMC-ERα^−/−^ compared with control mice ([Figure 2](#F2){ref-type="fig"} and [Table 4](#T4){ref-type="table"}).

###### 

Effect of E2 on Trabecular Bone Mass in POMC-ERα^−/−^ Mice

                    Control      POMC-ERα^−/−^                                               
  ----------------- ------------ ---------------------------------------------- ------------ -------------------------------------------------------------------------------
  Femur                                                                                      
      BV/TV (%)     9.5 ± 1.0    39.8 ± 1.9^[c](#TF4-3){ref-type="table-fn"}^   9.2 ± 1.0    47.4 ± 2.0^[c](#TF4-3){ref-type="table-fn"},[d](#TF4-4){ref-type="table-fn"}^
      Tb.N (L/mm)   2.4 ± 0.2    9.6 ± 0.4^[c](#TF4-3){ref-type="table-fn"}^    2.3 ± 0.2    10.6 ± 0.6^[c](#TF4-3){ref-type="table-fn"}^
      Tb.Th (μm)    39 ± 1       42 ± 1                                         40 ± 1       45 ± 2
      Tb.Sp (μm)    132 ± 1      74 ± 5^[c](#TF4-3){ref-type="table-fn"}^       132 ± 1      60 ± 5^[c](#TF4-3){ref-type="table-fn"}^
  Vertebrae L~5~                                                                             
      BV/TV (%)     15.7 ± 1.1   26.8 ± 1.6^[c](#TF4-3){ref-type="table-fn"}^   16.4 ± 1.7   34.2 ± 2.8^[b](#TF4-2){ref-type="table-fn"}^
      Tb.N (L/mm)   4.1 ± 0.3    6.3 ± 0.4^[b](#TF4-2){ref-type="table-fn"}^    3.9 ± 0.5    8.1 ± 1.0^[a](#TF4-1){ref-type="table-fn"}^
      Tb.Th (μm)    39 ± 1       43 ± 1^[a](#TF4-1){ref-type="table-fn"}^       42 ± 1       43 ± 3
      Tb.Sp (μm)    71 ± 3       59 ± 2^[a](#TF4-1){ref-type="table-fn"}^       74 ± 5       50 ± 4^[b](#TF4-2){ref-type="table-fn"}^

High-resolution μCT analysis of BV/TV, trabecular number (Tb. N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) in femur (n = 7--10) and vertebrae L~5~ (n = 4--6) of OVX POMC-ERα^−/−^ and OVX control mice treated with either E2 (0.5 μg/d) or vehicle. Data are presented as mean ± SEM.

*P* \< .05 E2 treated vs vehicle treated, Student\'s *t* test.

*P* \< .01 E2 treated vs vehicle treated, Student\'s *t* test.

*P* \< .001 E2 treated vs vehicle treated, Student\'s *t* test.

*P* \< .05 E2 effect in POMC-ERα^−/−^ mice vs E2 effect in control mice (interaction term from two-way ANOVA).

E2 treatment reduced serum OCN to a similar extent in POMC-ERα^−/−^ and control mice, whereas the serum levels of CTX-1 (type I collagen fragments mice) were not significantly altered by E2 treatment in POMC-ERα^−/−^ or control mice when analyzed after 6 weeks of E2 treatment ([Supplemental Table 5](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)). Serum leptin, as an indicator of body fat mass, was reduced to a similar extent by E2 treatment in POMC-ERα^−/−^ and control mice ([Supplemental Table 5](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)). Serum levels of corticosterone were not affected by E2 treatment in OVX POMC-ERα^−/−^ or OVX control mice ([Supplemental Table 5](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)).

To identify a possible mechanism for the augmented cortical E2-response in POMC-ERα^−/−^ mice, mRNA levels of bone-related transcripts were evaluated in the cortical bone. At termination of the experiment, no significant effect of E2 treatment on mRNA levels of osteoprotegering, receptor activator of nuclear κB ligand, or OCN was observed in POMC-ERα^−/−^ or control mice ([Supplemental Table 6](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)). As we have previously observed that central ERα action regulates mRNA levels of the CIITA (a regulator of MHC II, which is involved in antigen presentation by macrophages and T-cell activation in cortical bone) ([@B5]), CIITA mRNA levels were analyzed in cortical bone. Interestingly, although CIITA mRNA levels were reduced by E2 treatment in both POMC-ERα^−/−^ and control mice, the estrogenic response was significantly more pronounced in POMC-ERα^−/−^ compared with the estrogenic response in control mice ([Supplemental Table 6](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)).

We also characterized the mRNA levels of a number of central hypothalamic genes previously described to be involved in the regulation of bone and/or fat mass. The mRNA levels of NPY, AgRP, αMSH, MC4R, PTP1B, and SOCS3 were not significantly affected by E2 treatment in POMC-ERα^−/−^ or control mice ([Supplemental Table 7](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)). Hypothalamic leptin receptor mRNA was significantly reduced by E2 treatment in control mice, whereas only a tendency of reduction was observed in POMC-ERα^−/−^ mice but the estrogenic response was not significantly different between the POMC-ERα^−/−^ and control mice ([Supplemental Table 7](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)).

Silencing of ERα expression in hypothalamic VMN does not affect bone mass
-------------------------------------------------------------------------

To evaluate the role of ERα in hypothalamic VMN for bone mass, ERα expression was silenced in VMN using stereotactic injection of AAV-shRNA-ERα. First, to test the efficacy of the shRNA viral vector for ERα silencing, mice were unilaterally injected with AAV-shRNA-ERα in the hypothalamic VMN area. ERα immunostaining was clearly visible in the VMN of the noninjected side, whereas almost no ERα immunostaining was observed in the VMN of the AAV-shRNA-ERα injected side ([Supplemental Figure 1B](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)).

Next, to determine the role of ERα in VMN for bone mass, mice were injected bilaterally with AAV-shRNA-ERα or AAV-shRNA-scramble. To avoid possible confounding effects of disturbed feedback regulation of serum sex steroids, all mice were OVX and treated with a constant dose of E2 (E2-pellet, 111 ng/mouse per d). As it is previously described that specific inactivation of ERα in hypothalamic VMN neurons results in obesity ([@B28]), we followed the change in body weight of the AAV-shRNA-ERα and AAV-shRNA-scramble-treated mice. Supporting a successful functional inactivation of ERα in VMN, the body weights of the AAV-shRNA-ERα-injected mice increased significantly more than the body weights of the AAV-shRNA-scramble-treated mice ([Supplemental Figure 1C](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)). In contrast, after 6 weeks, there was no difference in cortical or trabecular bone mass between the AAV-shRNA-ERα and AAV-shRNA-scramble-treated mice ([Supplemental Figure 1, D--F](http://press.endocrine.org/doi/suppl/10.1210/en.2016-1181/suppl_file/en-16-1181.pdf)), suggesting that ERα in hypothalamic VMN neurons is involved in the regulation of body weight but not bone mass.

Discussion
==========

Elegant studies using several different conditional gene targeted mouse models or local injection of E2 in bone have clearly established that estrogens exert crucial direct peripheral effects on osteoclasts and osteoblasts in bone, resulting in augmented trabecular and cortical bone mass in female mice ([@B8], [@B11], [@B12]). We, here, demonstrate that the stimulatory peripheral effects of E2 on cortical bone in female mice are modulated by central inhibitory ERα-mediated actions in hypothalamic POMC neurons in ARC.

To evaluate the effect of ERα in ARC for energy metabolism and body composition, we recently developed a mouse model with specific inactivation of ERα in POMC neurons ([@B26]). In our previous study, we demonstrated that the ERα expression is reduced by more than 90% in POMC neurons in ARC of POMC-ERα^−/−^ mice, and we here show that these mice have normal ERα expression in bone, demonstrating that the POMC-ERα^−/−^ mouse model is useful to evaluate the specific role of ERα in hypothalamic POMC neurons for bone metabolism. We have earlier reported that female POMC-ERα^−/−^ mice display hyperphagia but normal energy expenditure ([@B26]), and in the present study, we observed normal body weight, fat mass, and axial as well as appendicular bone growth, suggesting that the POMC-ERα^−/−^ mice are in general healthy.

The female POMC-ERα^−/−^ mice had, in the present study, clearly increased cortical bone mass and mechanical strength. This was the result of increased cortical bone thickness, whereas the cortical vBMD, as analyses by μCT and the cortical bone properties, as analyzed by detailed FTIR, were not affected in the POMC-ERα^−/−^mice. Thus, the amount but not the quality of cortical bone was altered, resulting in increased bone strength in female POMC-ERα^−/−^ mice. Bone formation and resorption indices by serum assays were unchanged in the 6-month-old female POMC-ERα^−/−^ mice, suggesting that alterations in bone turnover may have occurred at an earlier stage of development.

The female POMC-ERα^−/−^ mice had slightly elevated serum levels of E2 but unchanged uterine weight, indicating that they have a modest disturbance in feedback regulation of serum sex steroids. To avoid the possibility that the slightly altered serum E2 levels could have confounded the interpretation of the bone phenotype in the gonadal intact POMC-ERα^−/−^ mice, the main conclusions from the present study are based on the subsequent study comparing the estrogenic responses in OVX POMC-ERα^−/−^ and OVX control littermate mice.

The most important finding in the present study was that the estrogenic responses for cortical bone thickness and mechanical strength were substantially augmented in OVX POMC-ERα^−/−^ mice compared with the estrogenic responses in OVX control mice. This was mainly caused by a significantly reduced endosteal circumference in the E2-treated OVX POMC-ERα^−/−^ mice. In contrast, cortical bone composition as analyzed by μCT and detailed FTIR were not affected by E2 treatment in POMC-ERα^−/−^ mice or control mice and the estrogenic response on trabecular bone mass was mainly similar between POMC-ERα^−/−^ mice and control mice. In addition, serum leptin levels, as an indicator of body fat mass, was reduced to a similar extent by E2 treatment in POMC-ERα^−/−^ and control mice. Thus, estrogenic effects mediated via ERα in POMC neurons of ARC seem to rather specifically inhibit the peripheral stimulatory effects of estrogens on cortical bone mass and mechanical strength.

Our findings that the estrogenic response on the amount of trabecular bone was modestly augmented in femur and unchanged in vertebrae L~5~ of POMC-ERα^−/−^ mice, suggest that the role of ERα in hypothalamic POMC neurons for trabecular bone mass is modest. Interestingly, Khosla et al have proposed that the main physiological target for estrogens in bone is cortical and not trabecular bone ([@B42]). This statement is based on a number of observations. First, detailed clinical investigations using CT revealed that trabecular bone loss begins in sex hormone replete young adults of both sexes and might be the result of cell autonomous age-related factors as suggested by Manolagas et al ([@B12]) and Manolagas ([@B43]). Second, the same studies, using CT, demonstrated that the onset of cortical bone loss in humans is closely tied to estrogen deficiency. Thus, for cortical bone, which comprises more than 80% of the skeleton and is likely the major contributor to overall fracture risk, there are data supporting the view that estrogen deficiency is the major cause of bone loss ([@B42], [@B43]). Our finding that the stimulatory effect of E2 on cortical bone mass is modulated by inhibitory actions of ERα in POMC neurons of ARC might therefore be useful for the development of selective ERα agonists with reduced penetrance to ARC, resulting in stimulatory peripheral ERα-mediated effects without inhibitory central ERα-mediated effects on cortical bone mass. Other estrogen-related targets separating the estrogenic effects on cortical and trabecular bone mass includes 1) activation function 1 in ERα, as ERα activation function 1 inactivated mice display an estrogenic response in cortical but not trabecular bone ([@B44]); 2) the steroid receptor coactivator 1, as steroid receptor coactivator 1 knock-out mice also display an estrogenic response in cortical but not trabecular bone ([@B45]); and 3) ERα in osteoclasts, as mice with osteoclast-specific ERα inactivation display reduced trabecular but not cortical bone mass ([@B46], [@B47]). Collectively, we believe that the cortical and trabecular bone compartments should be considered as separate functional entities when designing tissue specific ERα modulators.

Central ERα has in a previous study been reported to exert an inhibitory role on bone mass, partly counteracting the peripheral stimulatory effect of E2 ([@B5]). The present study extends these previous findings by identifying ERα in hypothalamic POMC neurons to mediate the central inhibitory effect of estrogens on cortical bone mass.

The hypothalamus is a central regulator of energy metabolism, and it also contributes to bone homeostasis ([@B20][@B21][@B24], [@B48][@B49][@B51]). The present result that ERα in hypothalamic POMC neurons regulates bone mass together with the recent finding that the transcription factor AP1 in POMC neuron is involved in the regulation of bone mass ([@B24]), strongly suggest that hypothalamic POMC neurons are crucial regulators of bone homeostasis. In addition, a role of POMC neurons for the regulation of bone mass is supported by that mice devoid of MC4R, the receptor for the POMC-neuron-derived ligand αMSH, have elevated bone mass ([@B52]) and that humans with MC4R mutations have high bone mass ([@B53]).

To identify possible downstream mediators of the modulatory effect of ERα in hypothalamic POMC neurons on cortical bone mass, the mRNA levels of several central hypothalamic genes (NPY, AgRP, αMSH, MC4R, leptin receptor, PTP1B, and SOCS3) were analyzed but no clear underlying pathway was identified. In addition, circulating leptin was not elevated in the POMC-ERα^−/−^ mice, arguing against decreased central leptin sensitivity as an underlying mechanism ([@B5]). The immune system is involved in the regulation of bone homeostasis. Interestingly, although CIITA mRNA levels in cortical bone were reduced by E2 treatment in both POMC-ERα^−/−^ and control mice, the estrogenic response was significantly more pronounced in POMC-ERα^−/−^ compared with the estrogenic response in control mice. CIITA is a regulator of MHC II, which is involved in antigen presentation by macrophages and T-cell activation, and it is earlier reported to be regulated by central ERα signaling ([@B5]). These findings suggest that immune-mediated mechanisms might contribute to the modulatory effect of ERα in hypothalamic POMC neurons on cortical bone mass. However, further functional studies are clearly warranted to in detail characterize the downstream pathways of ERα action in hypothalamic POMC neurons for cortical bone mass.

###### 

Antibody Table

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Peptide/Protein Target   Antigen Sequence (if Known)   Name of Antibody                                   Manufacturer, Catalog Number, and/or Name of Individual Providing the Antibody   Species Raised in; Monoclonal or Polyclonal   Dilution Used
  ------------------------ ----------------------------- -------------------------------------------------- -------------------------------------------------------------------------------- --------------------------------------------- ---------------
  ERα                                                    Anti-ERα antibody                                  06-935                                                                           Polyclonal                                    1:500

  GFP                      MSKGEELFTGVVPILVELDGD\        Anti-GFP antibody (FITC)                           ab6662                                                                           Polyclonal                                    1:500
                           VNGHKFSVSGEGEGDATYG\                                                                                                                                                                                            
                           KLTLKFICTT\                                                                                                                                                                                                     
                           GKLPVPWPTL\                                                                                                                                                                                                     
                           VTTFSYGVQCFSRYPDHMKQ\                                                                                                                                                                                           
                           HDFFKSAMPEGYVQERTIFF\                                                                                                                                                                                           
                           KDDGNYKTRA\                                                                                                                                                                                                     
                           EVKFEGDTLV\                                                                                                                                                                                                     
                           NRIELKGIDFKEDGNILGHKLE\                                                                                                                                                                                         
                           YNYNSHNVYIMADKQKNGIK\                                                                                                                                                                                           
                           VNFKIRHN\                                                                                                                                                                                                       
                           IEDGSVQLAD\                                                                                                                                                                                                     
                           HYQQNTPIGDGPVLLPDNHY\                                                                                                                                                                                           
                           LSTQSALSKDPNEKRDHMVL\                                                                                                                                                                                           
                           LEFVTAAGIT\                                                                                                                                                                                                     
                           HGMDELYK                                                                                                                                                                                                        

  Antirabbit IgG                                         Donkey antirabbit IgG (H + L) secondary antibody   Alexa Fluor 594                                                                  Polyclonal                                    1:1000
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In addition to POMC cells in the hypothalamus, POMC (ACTH-secreting) cells also exist in the pituitary and we have previously shown that ERα mRNA levels were significantly reduced in the POMC (ACTH) cells in the pituitary of POMC-ERα^−/−^ mice ([@B26]). However, neither ACTH expression in pituitary nor plasma levels of corticosterone at either basal or stressed conditions were affected in the POMC-ERα^−/−^ mice. In addition, the T~3~/T~4~ levels were normal ([@B26]). Therefore, it is unlikely that the cortical bone phenotype in POMC-ERα^−/−^ mice is due to loss of ERα from the pituitary POMC (ACTH) cells, although we cannot fully rule out this possibility.

Because ERα is abundantly expressed in hypothalamic VMN neurons, we also evaluated the possible role of ERα in VMN for bone mass. ERα expression in VMN was silenced using an AAV vector. Supporting our previous report regarding the metabolic function of ERα in VMN ([@B28]) and confirming a successful functional inactivation of ERα in VMN, the body weights of the AAV-shRNA-ERα-injected mice increased significantly more than the body weights of the AAV-shRNA-scramble-treated mice. In contrast, no bone phenotype was observed, indicating that ERα in hypothalamic VMN neurons is involved in the regulation of body weight but not bone mass.

In conclusion, mice lacking ERα in POMC neurons display substantially enhanced estrogenic response on cortical bone mass and modestly increased estrogenic response on the amount of trabecular bone in femur. We propose that the balance between inhibitory effects of central ERα activity in hypothalamic POMC neurons in ARC and stimulatory peripheral ERα-mediated effects in bone determines cortical bone mass in female mice.

Abbreviations: AAVadeno-associated viralAgRPaguti-related proteinARCarcuate nucleusBMDbone mineral densityBV/TVtrabecular bone volume fractionCIITAclass II MHC transactivatorCTXC-terminal type I collagen fragmentsμCTmicrocomputed tomographyDHTdihydrotestosteroneE2estradiolERestrogen receptorFTIRFourier transform infraredMC4Rmelanocortin 4 receptorMHCmajor histocompatibility complexαMSHα-melanocyte-stimulating hormoneNPYneuropeptide YOCNosteocalcinOVXovariectomyPOMCproopiomelanocortinPTP1Bprotein-tyrosin phosphatase 1bshRNAshort hairpin RNASOCS3supressor of cytokine signaling 3vBMDvolumetric BMDVMNventromedial nucleus.
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